Parameter constraints from weak lensing tomography of galaxy shapes and
  cosmic microwave background fluctuations by Merkel, Philipp M. & Schaefer, Bjoern Malte
MNRAS 000, 1–11 (2017) Preprint 10 November 2018 Compiled using MNRAS LATEX style file v3.0
Parameter constraints from weak lensing tomography of galaxy
shapes and cosmic microwave background fluctuations
Philipp M. Merkel1? and Bjo¨rn Malte Scha¨fer2
1Institut fu¨r Theoretische Astrophysik, Zentrum fu¨r Astronomie, Universita¨t Heidelberg, Philosophenweg 12, 69120 Heidelberg, Germany
2Astronomisches Recheninstitut, Zentrum fu¨r Astronomie, Universita¨t Heidelberg, Philosophenweg 12, 69120 Heidelberg, Germany
10 November 2018
ABSTRACT
Recently, it has been shown that cross-correlating CMB lensing and 3D cosmic shear allows
to considerably tighten cosmological parameter constraints. We investigate whether similar
improvement can be achieved in a conventional tomographic setup. We present Fisher pa-
rameter forecasts for a Euclid-like galaxy survey in combination with different ongoing and
forthcoming CMB experiments. In contrast to a fully three-dimensional analysis we find only
marginal improvement. Assuming Planck-like CMB data we show that including the full co-
variance of the combined CMB and cosmic shear data improves the dark energy figure of
merit by only three per cent. The marginalized error on the sum of neutrino masses is reduced
at the same level. For a next generation CMB satellite mission such as Prism the predicted
improvement of the dark energy figure of merit amounts to approximately 25 per cent. Fur-
thermore, we show that the small improvement is contrasted by an increased bias in the dark
energy parameters when the intrinsic alignment of galaxies is not correctly accounted for in
the full covariance matrix.
Key words: cosmological parameters – cosmic background radiation – gravitational lensing:
weak
1 INTRODUCTION
The statistics of cosmic microwave background (CMB)
anisotropies, of gravitationally lensed galaxies and the gravi-
tational lensing effect in the CMB are all excellent cosmological
probes. CMB fluctuations on the one hand reflect the Universe at
its early stages, CMB lensing on the other hand probes cosmic
structures at intermediate times, whereas cosmic shear measure-
ments reveal the Universe’s late-time evolution. Due to this cosmic
complementarity the combination of the various probes is a very
powerful tool to constrain cosmological parameters (Hu 2002), in
particular those concerning dark energy.
Cosmic shear describes the apparent compression and elon-
gation of galaxy shapes due to weak gravitational lensing by fore-
ground matter structures (see Bartelmann & Schneider 2001, for a
review). The individual deflections are small and not directly acces-
sible to observations but can be inferred statistically from samples
of galaxies because the lensing structures are correlated. The power
spectrum of the shear components is directly related to the matter
power spectrum. Since galaxy shapes are observed on the celestial
sphere the shear components are line-of-sight projected quantities.
Conventional projection, however, causes an inevitable loss of in-
formation because it does not allow to resolve the time evolution of
the cosmic density field. For time-resolved cosmic shear measure-
? e-mail: philipp.merkel@urz.uni-heidelberg.de
ments photometric redshift information of the background galaxies
has to be taken into account. Sufficiently precise redshifts allow
to divide the galaxy sample into several redshift bins making the
time evolution of the cosmic structures accessible (Hu 1999; Jain &
Taylor 2003; Takada & White 2004; Scha¨fer & Heisenberg 2012).
The inter- and intra-bin correlations of tomographic shear measure-
ments then provide a significantly enhanced sensitivity to the equa-
tion of state parameter of a potentially time-evolving dark energy
component. This sensitivity may be even further enhanced by em-
ploying fully three-dimensional methods (Heavens 2003; Castro
et al. 2005; Heavens et al. 2006): 3D cosmic shear uses the pho-
tometric redshift of each individual galaxy, thereby overcoming the
limitations of a coarse redshift binning.
Similarly to the light of distant galaxies photons of the CMB
are gravitationally distorted by the intervening large-scale structure
(see Lewis & Challinor 2006, for a comprehensive review). CMB
lensing changes the observed CMB power spectra in a character-
istic way and the precision of current CMB observations allows
to statistically reconstruct the CMB lensing potential from the ob-
served temperature and polarization data (Hu 2001; Hu & Okamoto
2002; Okamoto & Hu 2002; Planck Collaboration 2014, 2016b).
Since all CMB photons emanate from the last scattering surface
the estimated CMB lensing potential does not vary with redshift.
Since the intervening large-scale structure lenses CMB radi-
ation as well as the light of galaxies both lensing signals are cor-
related. This cross-correlation has been successfully detected for a
c© 2017 The Authors
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number of different combinations of CMB and weak lensing obser-
vations (Hand et al. 2015; Liu & Hill 2015; Harnois-De´raps et al.
2016; Kirk et al. 2016; Singh et al. 2017). In order to exploit its
full information content Kitching et al. (2015) incorporate the CMB
lensing-cosmic shear cross-correlation in the framework of 3D cos-
mic shear. They show that the additional redshift resolved informa-
tion on the Universe’s expansion history and structure growth helps
tighten parameter constraints significantly with respect to an anal-
ysis discarding this so-called interdatum covariance between CMB
lensing and galaxy ellipticities.
Although one might naively think that statistically indepen-
dent measurements should be best at constraining a model, it
is rather the fact that the additional information in the cross-
correlation with its parameter constraining power is advantageous
to exploit: Firstly, on large scales there is a non-vanishing correla-
tion of observed galaxy shapes and the CMB temperature due to the
integrated Sachs Wolfe (iSW) effect, which has been investigated
in a three-dimensional analysis by Zieser & Merkel (2016), as a
generalization of tomographic measurements (e.g. Ho et al. 2008;
Ju¨rgens & Scha¨fer 2012). Secondly, both weak lensing of the CMB
and of galaxies are caused by the very same large scale structure.
Consequently, the estimate of the reconstructed CMB lensing po-
tential and the gravitationally lensed galaxy shapes are correlated.
In this work we consider both aspects simultaneously using a
tomographic set-up instead of a fully three-dimensional analysis.
We compare the parameter constraints obtained in a Fisher matrix
forecast by either exploiting or ignoring the interdatum covariance
and scrutinize the impact of the coarse binning in redshift on the
achievable improvement. Furthermore, we show how the param-
eter estimation bias, which results from uncorrected systematics,
is changed with respect to a conventional analysis when the full
covariance matrix of CMB and cosmic shear measurements is in-
cluded. Specifically, we carry out this exercise for intrinsic align-
ments as a systematic in weak lensing data. In addition we consider
the impact of minute changes in the shape of the matter power spec-
trum due to baryonic effects. In this, our goal is to consider the
entire estimation process with an accurate modeling of parameter
inference process for experiments which are being discussed: We
present results on a wCDM-cosmology with a neutrino-component
for Euclid and DES-like shear experiments in combination with
Planck, ACTPol wide and Prism-like CMB observations including
the gravitational lensing effect of the CMB.
The structure of this article is as follows: In Section 2 we de-
scribe the formalism of our analysis and introduce the different cos-
mological observables considered in this work along with the dif-
ferent experimental set-ups. The results are presented in Section 3
and we conclude in Section 4.
Throughout this paper we use a spatially flat ΛCDM as refer-
ence cosmology. The specific parameter values are Ωm = 0.312,
Ωγ = 9.167 × 10−5, Ωb = 0.0483, σ8 = 0.834, ns = 0.9619,
h = 0.67556, mν = 0.2 eV for the total, radiation and baryonic mat-
ter density parameters, respectively, the normalization and spectral
index of the power spectrum, the Hubble parameter evaluated today
and the sum of massive neutrinos, This choice is compatible with
the latest Planck data release (Planck Collaboration 2016a).
2 FORMALISM
2.1 Cosmological background and structure growth
The expansion of the homogeneous background in a spatially flat
Friedmann-Lemaıˆtre-Robertson-Walker cosmology is governed by
the Hubble function
H2(a)
H20
=
Ωγ
a4
+
Ωm
a3
+
(
1 −Ωm −Ωγ
)
exp
(
3
∫ 1
a
da′
a′
[
1 + wa(a′)
])
.
(1)
For the time evolution of the dark energy equation of state param-
eter we adopt the common parametrization (Chevallier & Polarski
2001; Linder 2003) w(a) = w0 + wa(1 − a), from which we recover
our reference cosmology, i.e. a cosmological constant, by setting
(w0,wa) = (−1, 0). With the Hubble function it is possible to con-
vert redshift into comoving distance
χ(z) =
∫ z
0
dz′
H(z′)
. (2)
Cosmological structures, i.e. deviations from the homoge-
neous background, are characterized by the density contrast δ. In
the linear regime each of its Fourier modes evolves independently
in proportion to the growth function, i.e. δ(k, a) = D+(a) δ0(k). The
growth function is normalized to unity today and fulfills the follow-
ing differential equation (e.g. Wang & Steinhardt 1998; Linder &
Jenkins 2003)
d2
da2
D+(a) +
1
a
(
3 +
d ln H
d ln a
)
d
da
D+(a) − 32a2 Ωm(a)D+(a) = 0. (3)
Linear structure growth preserves the statistical properties of the
density contrast, which we take to be a statistically homogeneous
and isotropic Gaussian random field, completely characterized by
its power spectrum〈
δ(k)δ∗(k′)
〉
= (2pi)3 δD(k − k′) Pδδ(k). (4)
The applicability of linear structure formation ceases on scales
smaller than ∼ 0.1 hMpc−1 and corrections to the matter power
spectrum due to nonlinear clustering need to be taken into account.
To this end we employ the halofit approach of Smith et al. (2003)
along with its extensions proposed by Takahashi et al. (2012). We
use the implementation provided by the cosmic linear anisotropy
solving system (class; Blas et al. 2011). This code is also used to
compute CMB temperature and polarization power spectra.
2.2 Data vector and covariance matrix
The data vector we are considering comprises tomographic mea-
surements of the weak lensing convergence κi, an estimate of the
CMB lensing potential φ and the CMB itself. From the latter we
employ both temperature Θ and E-mode polarization information;
its purely lensing induced B-mode is exclusively used to recon-
struct the CMB lensing potential (cf. Section 2.4.3).
We assume that contributions of intrinsically aligned galaxy
shapes to the observed weak lensing convergence can be described
by a linear alignment model (Catelan et al. 2001), which is thought
to be primarily applicable to elliptical galaxies. In the framework
of the linear model changes in galactic shapes reflect the magnitude
and orientation of tidal gravitational fields (Hirata & Seljak 2004;
Joachimi et al. 2015). For disc galaxies more complicated models
are required (Crittenden et al. 2001; Mackey et al. 2002).
Using the harmonic space representation of each observable
the data vector reads
d`m =
(
κ˜1`m, ..., κ˜
Nbin
`m , φ˜`m, Θ˜`m, E˜`m
)t
, (5)
where the superscripted tilde indicates that all sources of observa-
tional noise are included, i.e. shape-noise contributions in cosmic
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shear measurements, instrumental noise in CMB observations and
the reconstruction noise of the estimated CMB lensing potential. In
case of CMB temperature and polarization it also labels lensing.
Thus, cosmological information is contained in the covariance
of the data vector, which assumes for the case of random Gaussian
variables with zero mean the shape
C˜(`) ≡ 〈d`md+`′m′〉
=

C˜ κ˜κ˜11(`) · · · C˜ κ˜κ˜1Nbin (`) C˜
φ˜κ˜
1 (`) C˜
Θ˜κ˜
1 (`) 0
...
. . .
...
...
...
...
C˜ κ˜κ˜Nbin1(`) · · · C˜ κ˜κ˜NbinNbin (`) C˜
φ˜κ˜
Nbin
(`) C˜Θ˜κ˜Nbin (`) 0
C˜φ˜κ˜1 (`) · · · C˜φ˜κ˜Nbin (`) C˜φ˜φ˜(`) C˜φ˜Θ˜(`) 0
C˜Θ˜κ˜1 (`) · · · C˜Θ˜κ˜Nbin (`) C˜φ˜Θ˜(`) C˜Θ˜Θ˜(`) C˜Θ˜E˜(`)
0 · · · 0 0 C˜Θ˜E˜(`) C˜ E˜E˜(`)

,
(6)
which is a function of ` only due to statistical isotropy, and d+`m is
the Hermitian conjugate of the data vector. Note that we have ne-
glected the small correlation between the CMB E-mode polariza-
tion and the large-scale structure due to rescattering of the dipole
generated by the integrated Sachs-Wolfe-effect (Cooray & Mel-
chiorri 2006).
2.3 Signal part of the covariance matrix
We relegate the noise part of the covariance matrix to the subse-
quent section and now address the different contributions to its sig-
nal part C(`). In our analysis, there are three contributions to the
observed angular power spectrum of the lensing signal: correlations
of gravitationally lensed galaxy shapes C(i, j)GG (`), intrinsic shape cor-
relations C(i, j)II (`) and the cross-correlation of lensing induced and
intrinsically aligned galaxy shapes C(i, j)GI (`), respectively:
Cκκi j (`) = C
(i, j)
GG (`) +C
(i, j)
II (`) +
(
C(i, j)GI (`) +C
(i, j)
IG (`)
) (
1 − 1
2
δi j
)
. (7)
For the intrinsic shape correlations we employ the so-called linear
alignment model. It assumes that galaxy ellipticities reflect tidal
gravitational shear fields sourced by ambient cosmic structures that
are in a linear stage of structure formation. But if based on lin-
early evolving structures (Hirata & Seljak 2004) GI power on small
scales would be underestimated because contributions from nonlin-
ear clustering are not accounted for. We therefore follow Kirk et al.
(2012) and mediate between both regimes by using the geomet-
ric mean of the linear and nonlinear matter power spectra in case of
the GI-term, while the II-term is sourced by the linear matter power
spectrum only (cf. equation 13). A competing approach stipulates
that the reaction of an elliptical galaxy to a tidal shear field is linear
to lowest order and effectively instantaneous, even though the tidal
shear field might originate from nonlinearly evolving structures.
The distinction between GI- and IG-alignments follows from
the tomographic setup. They correspond to different geometrical
source-lens configurations (cf. Troxel & Ishak 2012). Obviously,
we have C(i, j)GI (`) = C
( j,i)
IG (`). The mixed terms are negative, indi-
cating that lensing signal and intrinsic shape alignments are anti-
correlated (see Troxel & Ishak 2015; Kiessling et al. 2015, for re-
cent reviews).
Analogously, the cross-correlation of the (reconstructed)
CMB lensing defection field (cf. Section 2.4.3) and the observed
cosmic shear field is made up by a lensing and an intrinsic align-
ment term. We use D for the reconstructed CMB deflection field in
order to unify our notation in the following:
Cφφ(`) = C(0,0)DD (`), (8)
Cφκi (`) = C
(0,i)
DG (`) +C
(0,i)
DI (`), (9)
which physically describes the alignment of galaxies in structures
that are responsible for gravitational lensing of the CMB. Again,
the term describing the contributions of intrinsic alignments is neg-
ative (Hall & Taylor 2014; Troxel & Ishak 2014; Larsen & Challi-
nor 2016).
Finally, we address the cross-correlation between the observed
lensing signal and the CMB temperature by focusing on the contri-
butions of the late-time iSW effect (see Nishizawa 2014, for details
on the iSW effect). Here we neglect the contributions of intrinsi-
cally aligned galaxy shapes because the iSW effect is prominent
only on the largest scales where intrinsic alignments are entirely
negligible. Hence, we have
CΘκi (`) = C
(0,i)
TG (`). (10)
Moreover, due to the rapid decline of the iSW effect on intermediate
and small scales we evaluate its cross correlation with the lensing
signal only in the linear regime: In fact, most signal is generated at
low multipoles and the small contribution of the nonlinear iSW ef-
fect is effectively undetectable because of the high cosmic variance
generated by the primary CMB.
The cosmic shear surveys considered in this work (see Sec-
tion 2.4.1) cover only parts of the sky making a flat-sky approxima-
tion permissible. All observables are line-of-sight projected quan-
tities, which can be related to the density contrast. Their angular
power spectra are obtained by means of an appropriate Limber pro-
jection (Limber 1953) of the three-dimensional power spectrum of
the general form:
C(i, j)XY (`) =
∫ zmax
0
dz
H(z)
W iX(z)W
j
Y (z)PXY (k = `/χ(z), z). (11)
The weight function takes on the following values
W iX(z) =

(1 + z)
∫ zmax
z
dz′
χ(z′) − χ(z)
χ(z′)
ni(z′) if X = G
χ−1(z) ni(z) H(z) if X = I
W0D(z) = 2 (1 + z)
χ(z) − χ(z?)
χ2(z)χ(z?)
if X = D
W0T (z) = 2 χ
−1(z)
[
D+(z)
(z + 1)
+
dD+(z)
dz
]
if X = T.
(12)
Here we expressed the line-of-sight integration in terms of red-
shift, where the redshift of (instantaneous) recombination is z?. The
distribution of observed galaxies in the i-th redshift bin is given
by ni(z). The redshift depth of the cosmic shear survey is limited
by zmax.
The three-dimensional source spectra entering equation (11)
can be expressed in terms of the matter power spectrum. They read
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PZ(k, z) = 94 Ω
2
mH
4
0

Pnlδδ(k, z) if Z = GG
A2I Plinδδ (k) if Z = II
−AI
√
Plinδδ (k)
√
Pnlδδ(k, z)
D+(z)
if Z = GI, IG
k−4Pnlδδ(k, z) if Z = DD
k−2Pnlδδ(k, z) if Z = DG
−k−2AI
√
Plinδδ (k)
√
Pnlδδ(k, z)
D+(z)
if Z = DI
k−2D+(z) Plinδδ (k) if Z = TG.
(13)
For the amplitude of the intrinsic alignments we choose the com-
monly adapted parameterizationAI ' 8.93×10−3H−20 IA (Hirata &
Seljak 2004; Bridle & King 2007; Joachimi et al. 2011; Kirk et al.
2012; Merkel & Scha¨fer 2013; Kitching et al. 2015) and include IA
as free parameter in our analysis. Its fiducial value of one matches
the observational results from low-z SuperCOSMOS data (Brown
et al. 2002).
We illustrate the various power spectra constituting the signal
part of the covariance matrix in Figure 1 for a Euclid-like weak
lensing survey, with six tomographic bins.
2.4 Surveys and noise properties
Having computed the signal part C(`) of the data covariance matrix
we now proceed with its noise contributions N(`). The total covari-
ance matrix is then given by the sum C˜(`) = C(`) +N(`), where the
noise-part is assumed to depend only on the survey characteristics
and to be independent from the cosmological model.
2.4.1 Cosmic shear
Throughout our analysis we assume that the cosmic shear measure-
ments can be carried out with the precision of the forthcoming Eu-
clid mission (Amendola et al. 2013). Euclid meets the requirements
of a stage IV cosmic shear experiment. Occasionally, we refer to the
Dark Energy Survey (DES, The Dark Energy Survey Collaboration
2005) as a stage III experiment to illustrate how our results depend
on the lensing data quality.
For both surveys the overall distribution of lensed background
galaxies is parametrized by
n(z) ∝ z2 exp
− ( zz0
)β . (14)
It is modulated by a Gaussian with variable width σz = δz(1 + z)
in order to account for photometric redshift errors without catas-
trophic outliers (Abdalla et al. 2008). Shot noise contributions add
to the intrabin power spectra only and are accounted for by a Gaus-
sian ellipticity dispersion σ :
N(i, j)GG =
σ2
n¯i
δi j. (15)
Here we have introduced the average number of galaxies per bin n¯i,
which we choose to be identical for all bins.
The specific parameter values for each survey are listed in Ta-
ble 1.
Table 1. Cosmic shear survey specifications
β z0 zmax δz fsky σ
ngalaxy[
arcmin−2
]
DES 1.5 0.64 2.0 0.05 0.121 0.16 12
Euclid 1.5 0.64 2.5 0.05 0.364 0.25 30
Table 2. Specifications of CMB experiments
ν θFWHM ∆T ∆P
[GHz] [arcmin] [µK arcmin] [µK arcmin]
Planck
143 7.1 42.60 81.65
217 5.0 65.50 134.00
ACTPol wide 150 1.4 20.00 28.00
Prism
90 5.7 18.80 26.6
105 4.8 13.80 19.60
135 3.8 9.85 13.90
160 3.2 7.78 11.0
185 2.8 7.05 9.97
200 2.5 6.48 9.17
220 2.3 6.26 8.85
2.4.2 CMB
We characterize the noise contributions to the observed CMB spec-
tra by the (Gaussian) beam size θFWHM of the experiment and its
instrumental sensitivity with respect to temperature ∆T and polar-
ization ∆P, respectively (Knox 1995):
NΘΘ(`) =
(
∆T
TCMB
)2
e`(`+1)θ
2
FWHM/8 log 2,
NEE(`) = NBB(`) =
(
∆P
TCMB
)2
e`(`+1)θ
2
FWHM/8 log 2.
(16)
To be specific we summarize the specifications for two ongo-
ing, Planck (The Planck Collaboration 2006) and ACTPol wide
(Niemack et al. 2010), and one future CMB experiment, Prism
(PRISM Collaboration 2014), in Table 2. Whenever there are sev-
eral frequency bands available we take the inverse weighted sum,
i.e.
1
NXX(`)
=
∑
ν
1
NXXν (`)
, (17)
as the minimum variance noise for the co-added channels.
2.4.3 CMB lensing
The CMB lensing potential is not directly observable but can be
statistically reconstructed from the observed, i.e. lensed, CMB tem-
perature and polarization field under the assumption of a statisti-
cally homogeneous unlensed CMB. The quadratic estimator pro-
posed by Hu & Okamoto (2002) is optimal in the sense that its
Gaussian variance is minimal. This reconstruction noise needs to
be added to the lensing potential power spectrum in equation (6).
Exploiting the lensing induced B-mode polarization one can con-
struct five different estimators in total. Their appropriate combina-
tion reduces the reconstruction noise even further. We will us this
combination and its noise properties in the following and denote it
by Nmv(`). For the explicit expressions of the various estimators,
their optimal weighting and the associated reconstruction noise we
refer to Okamoto & Hu (2003). In Figure 2 we show the reconstruc-
tion noise for the three CMB experiments discussed in the previous
MNRAS 000, 1–11 (2017)
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Figure 1. Power spectra of the weak lensing convergence (GG), intrinsic alignments (II) and their cross-correlation (GI, IG) (upper panel); power spectra
of the cross-correlation between the CMB lensing potential and the weak lensing convergence/intrinsic alignments (DG/DI) on the one hand and the CMB
temperature and the weak lensing convergence (TG) on the other hand (lower panel). The various spectra are derived for a combination of a Euclid-like cosmic
shear survey using six redshift bins and Planck-like CMB observations. The numbers in each subplot indicate the corresponding redshift bins. For convenience
we have defined C(i, j)XY (`) ≡ `(` + 1)
∣∣∣C(i, j)XY (`)∣∣∣/(2pi) as a dimensionless representation of the variance without tracking the sign of the correlation.
section. The observed shrinkage in reconstruction noise is mainly
due to the improved polarization sensitivity of the next generation
CMB missions, making the purely lensing induced B-mode acces-
sible. Due to the quadratic structure of the estimator reconstruction
noise and cosmic shear signal are uncorrelated at leading order.
Thus, we assume
N(0,i)DG (`) = N
(0,i)
DI (`) = 0, ∀i (18)
throughout our analysis but keep in mind that there are higher or-
der corrections for example from the bispectrum of the large-scale
structure (Bo¨hm et al. 2016). Effectively, the reconstruction allows
the measurement of the deflection angle spectrum at unit signal to
noise-ratio for a range of multipoles even with Planck, while ACT-
Pol wide and ultimately Prism improve on this by half and an entire
order of magnitude, respectively.
2.4.4 ISW effect
Observations of the iSW effect on the one hand and gravitation-
ally induced shape distortions of galaxies on the other hand have
completely uncorrelated noise contributions and we therefore set
N(0,i)TG (`) = 0, ∀i. (19)
10−9
10−8
10−7
10−6
10 100 1000
[ℓ
(ℓ
+
1)
]2
N
m
v
(ℓ
)/
2π
ℓ
Planck
ACTPol wide
Prism
C
(0,0)
DD (ℓ)
Figure 2. Reconstruction noise of the CMB lensing potential. For each ex-
periment we show the minimum variance combination of all five estimators
that can be constructed from CMB temperature and polarization data.
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2.5 Fisher analysis
2.5.1 Fisher matrix
We invoke the Fisher information matrix (Tegmark et al. 1997)
to estimate the statistical accuracy with which cosmological pa-
rameters can be constrained from a combined analysis of cos-
mic shear tomography and the CMB including their various cross-
correlations. Since, as noted before, all observables have zero mean
the Fisher matrix is simply given in terms of the covariance matrix
and derivatives thereof with respect to the cosmological parame-
ters pα,
Fαβ =
1
2
tr
(
C−1
∂C
∂pα
C−1
∂C
∂pβ
)
. (20)
Taking the statistical multiplicity of each multipole into account we
arrive at
Fαβ = fsky
∑
`
(2` + 1)
2
∂Ci j(`)
∂pα
C˜−1jk (`)
∂Ckm(`)
∂pβ
C˜−1mi (`), (21)
where summation over repeated indices is implied. The sum over
multipoles ranges from `min = 2 to `max = 3000 and we assume
that all CMB experiments overlap with the fraction of the celestial
sphere fsky accessible to the particular cosmic shear survey under
consideration.
In the Fisher matrix framework the likelihood is taken to be
Gaussian, which is generally only true for linear models, but which
holds approximatively in the vicinity of the peak of tightly con-
strained likelihoods, because in those cases the nonlinear parame-
ters can be replaced through a Taylor-expansion of the model by
effective linear parameters (Reischke et al. 2017). For pure weak
lensing measurements it has been shown that the likelihood is fairly
Gaussian (Wolz et al. 2012) but this does not have to be the case for
the extended likelihood in high-dimensional parameter spaces we
are considering in this work. Therefore, we would like to empha-
size that our results may only serve as an estimate of the attainable
accuracy. In particular, they can be used to illustrate the potential
improvement which is provided by combining CMB and cosmic
shear observations including the interdatum covariance between all
quantities. The lower bound on the statistical error of parameter pα
is then set by the corresponding entry of the inverse Fisher matrix,
i.e. ∆pα >
√
F−1αα, according to the Crame´r-Rao inequality. This
bound includes marginalization over the whole parameter set under
consideration. Full knowledge of all parameters but pα makes the
bound shrink to ∆pα > 1/
√
Fαα.
The Fisher formalism is also well suited to derive the con-
fidence regions in a two-dimensional parameter subspace. The
constraining power of different experimental set-ups then may
be assessed against the area of the predicted confidence regions.
Therefore a commonly used figure of merit (FOM) is defined
by FOM ≡
√
detF(2×2), where F(2×2) indicates the fully marginal-
ized two-dimensional Fisher matrix. Its application to the dark en-
ergy parameters w0 and wa is of particular interest (Albrecht et al.
2006), and we will always refer to the dark energy figure of merit,
when using the term FOM.
2.5.2 Parameter estimation bias
The Fisher matrix approach may be also used to estimate the bias
due to systematic effects that are present in the data but not ac-
counted for in the model used in the analysis from which the best-
fitting parameter values are derived (e.g. Huterer et al. 2006; Amara
& Re´fre´gier 2008). We assume that the systematics can be de-
scribed as additive contributions to the expected signal, thus the
observed power spectra are given by Cobs` = C
mod
` + C
sys
` . Then,
cosmological parameters pˆα that are derived from Cobs` while ne-
glecting Csys` differ from the true values p
true
α by the bias
b
[
pˆα
]
= 〈pˆα〉 −
〈
ptrueα
〉
= F−1αβ Bβ (22)
with the bias vector
Bα =
1
2
tr
(
C−1mod
∂Cmod
∂pα
C−1mod Csys
)
. (23)
The Fisher matrix which enters equation (22) is built by definition
from the covariance matrix of the (incomplete) model, i.e. Cmod.
3 RESULTS
We start our analysis with the forecasted errors for a Euclid-like
shear measurement combined with CMB data from Planck. In the
upper part of Table 3 we compile the marginalized 1-σ errors for
both experiments individually as well as for their combination. The
investigated parameter space is spanned by nine parameters Ωm,
Ωb, σ8, mν, h, ns, w0, wa and the intrinsic alignment amplitude IA.
We consider two different scenarios for combining the data sets:
On the one hand-side we treat the two cosmological probes as in-
dependent sources of information, on the other hand-side we ex-
ploit the full cross-correlation between them. The first case is la-
beled by ’+’, whereas ’×’ indicates the physically correct usage of
cross-correlation information. Weak lensing results are presented
for three and six redshift bins, respectively. For the six bin measure-
ment Figure 3 shows the corresponding 1-σ confidence ellipses in
each two-dimensional parameter subspace.
In general the (uncorrelated) combination of CMB and cos-
mic shear tightens the parameter constraints significantly due to
the complementarity of the observables. Furthermore doubling the
number of redshift bins increases the resolution of the Universe’s
dynamics and thus makes the error bounds of the dark energy pa-
rameters shrink. The predicted accuracy of the intrinsic alignment
amplitude reaches the per cent level, indicating the potential power
of the two data sets to constrain parameters of more complex align-
ment models. In the case of the linear alignment model this would
imply for example tests of the virial equilibrium that determines the
shape of a system under the influence of a perturbed potential.
However, adding cross-correlation information hardly im-
proves on these constraints. The variation is only at the per cent
level. Correspondingly, the shrinkage of the two-dimensional con-
fidence region in the dark energy parameter plane is rather mod-
est; the FOM increases by roughly three per cent. The error of the
sum of neutrino masses is effectively unchanged. These findings
are highly contrasting with the results for a fully three-dimensional
analysis. Kitching et al. (2015) showed that in the framework
of 3D cosmic shear improvement of the dark energy parameters
amounts up to 30 per cent when the full covariance of Euclid-
and Planck-like data is taken into account. Also, the predicted
(marginalized 1-σ) error of the neutrino mass improves by about
25 per cent and the intrinsic alignment parameter may even be mea-
sured with almost doubled accuracy.
One possible explanation for this discrepancy can be seen in
the power of 3D comic shear to resolve the Universe’s dynamics on
the one hand and the limited redshift-resolution of lensing tomog-
raphy on the other hand. Expansion history and structure growth
are highly sensitive to dark energy and the neutrino mass. However
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Table 3. Marginalized 1-σ errors predicted for a Euclid-like weak lensing experiment combined with CMB
data from three different experiments.
CMB cosmic shear cosmic shear + CMB cosmic shear × CMB
3 bins 6 bins 3 bins 6 bins 3 bins 6 bins
Planck
Ωm 0.0147 0.0055 0.0049 0.0046 0.0042 0.0046 0.0042
σ8 0.0694 0.007 0.0057 0.0055 0.0047 0.0054 0.0046
Ωb 0.0017 0.0114 0.0095 0.0007 0.0007 0.0007 0.0007
mν [eV] 0.3082 0.1218 0.0491 0.0448 0.0338 0.0432 0.0330
h 0.0119 0.0761 0.0638 0.0046 0.0044 0.0046 0.0043
ns 0.0031 0.0262 0.0228 0.0025 0.0025 0.0025 0.0024
w0 0.6194 0.0666 0.0553 0.0623 0.0528 0.0612 0.0523
wa 1.8812 0.2304 0.1894 0.1876 0.1502 0.1846 0.1488
IA – 0.0204 0.0168 0.0194 0.0159 0.0192 0.0158
FOM 10 99 139 223 338 234 348
ACTPol wide
Ωm 0.0054 0.0038 0.0035 0.0037 0.0034
σ8 0.0196 0.0048 0.0041 0.0045 0.0039
Ωb 0.0006 0.0005 0.0005 0.0005 0.0005
mν [eV] 0.0971 0.0393 0.0312 0.0342 0.0282
h 0.0039 0.0036 0.0034 0.0036 0.0034
ns 0.0021 0.0020 0.0020 0.0019 0.0019
w0 0.1690 0.0556 0.0473 0.0524 0.0453
wa 0.5129 0.1725 0.1407 0.1642 0.1359
IA – 0.0186 0.0153 0.0179 0.0149
FOM 69 310 445 364 495
Prism
Ωm 0.0036 0.0029 0.0026 0.0027 0.0025
σ8 0.0119 0.0039 0.0034 0.0032 0.0029
Ωb 0.0003 0.0004 0.0003 0.0004 0.0003
mν [eV] 0.0697 0.0333 0.0279 0.0246 0.0218
h 0.0020 0.0025 0.0024 0.0025 0.0024
ns 0.0017 0.0018 0.0017 0.0017 0.0016
w0 0.1037 0.0466 0.0404 0.0412 0.0366
wa 0.2947 0.1436 0.1226 0.1326 0.1150
IA – 0.0172 0.0145 0.0164 0.0140
FOM 167 481 647 671 829
The way how CMB and tomographic cosmic shear data are combined is indicated by a ’+’ and a ’×’ when
the cross-correlation of both data sets is either neglected or accounted for. For comparison we also quote the
errors which are attainable when both cosmological probes are considered separately.
it is surprising that the resolution of even six redshift bins would
be too coarse to exploit the information conveyed by the CMB
lensing-cosmic shear cross-correlation. We therefore believe that
it is more likely that the observed discrepancy is caused by the ad-
ditional systematic effects accounted for in the analysis of Kitching
et al. (2015). In addition to intrinsic alignments of galaxies Kitch-
ing et al. (2015) consider a multiplicative bias due to galaxy shape
measurement systematics which is not included in our analysis.
Combining cosmic shear observations, which are affected by these
systematics, with CMB observations, which are not, helps constrain
the multiplicative bias. From this improvement then other parame-
ters may benefit, too. Following this line of argument the gain in pa-
rameter constraints found by Kitching et al. (2015) reflects the fact
that their results derived without CMB lensing-cosmic shear cross-
correlation information are more uncertain than those obtained in-
cluding the interdatum covariance because of the possibility of mul-
tiplicative biases, which would affect, for example, conclusions on
growth rates. Since multiplicative biases are not accounted for in
our modeling we do not observe a gain similar to the results of
Kitching et al. (2015).
In a next step we investigate how the forecasted errors
change when higher quality CMB data becomes available. Brows-
ing through Table 3, we find that the differences between measure-
ments, which ignore/include cross-correlation information, become
more prominent as CMB data improves, but the differences are still
small. Including the CMB lensing-cosmic shear cross-correlation
enlarges the dark energy FOM by 10 and 25 per cent for ACT-
Pol wide and Prism, respectively. It is interesting to note that al-
though the cross-correlation itself does not dependent on the ex-
perimental noise level it helps narrow parameter constraints more
efficiently when combined with an improved estimate of the CMB
lensing potential.
In Figure 4 we visualize the results for the different CMB
experiments focusing on the 1-σ confidence regions in the two-
dimensional parameter spaces spanned by the dark energy equa-
tion of state parameters and the sum of neutrino masses. Addi-
tionally, we show the forecasts obtained by combining DES data
with Planck CMB observations to contrast the stage III with the
stage IV shear experiment. In case of the stage III shear experiment
the parameter constraints do not benefit at all from including CMB
lensing-cosmic shear cross-correlation information.
The results presented so far have been derived using the re-
vised halofit model to describe the nonlinear contributions to the
matter power spectrum. Nonlinear structure growth boosts the
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Figure 3. Forecasted 1-σ confidence ellipses for each two-dimensional parameter subspace of the entire nine-dimensional parameter space. The assumed weak
lensing survey matches the specifications of Euclid and is divided into six redshift bins. It is combined with CMB data from Planck, both with primary CMB
temperature and polarization spectra as well as the lensing reconstruction. The predicted error bounds include marginalization over the whole parameter set.
small scale power considerably and therefore helps tighten weak
lensing constraints. Especially the nearest redshift bin receives
contributions from very small scales, i.e. very large wave num-
bers kmax ∼ 1 hMpc−1. However, it has been found in numerical
simulations that baryonic feedback wipes out small scale fluctu-
ations thereby affecting weak lensing measurements (Semboloni
et al. 2011, 2013). Since the CMB lensing signal originates from
larger scales it is expected to be less sensitive to baryonic feedback
than cosmic shear. We investigate how the parameter constraints
derived with and without including the cross-correlation in the two
data sets may vary in the presence of baryonic feedback. We adapt
the ansatz of Semboloni et al. (2011) to describe the suppression of
small-scale power due to baryonic effects:
Pbf(k, z) =
[
AS
(
Ptot(k)
PCDM(k)
− 1
)
+ 1
]
Pnlδδ(k, z). (24)
The ratio of the total matter to dark matter power spectrum is as-
sumed to be redshift-independent on all relevant scales and is one
for scales larger than 0.1 hMpc−1.
In order to make a possible influence of baryonic feedback
clearly identifiable in our analysis we set the amplitude of suppres-
sion AS to 3, while a realistic range is AS ∼ 0 . . . 1. Looking at
Figure 4 we see the expected enlargement of the error ellipses due
to the reduced power on small scales. However, the increase of the
confidence regions in the presence of baryonic feedback is almost
identically for all shown ellipses and hence, there is no substantial
gain when adding cross-correlation information.
Finally, we consider the parameter estimation bias which re-
sults from erroneously interpreting the observed galaxy shapes
without accounting for intrinsic alignments. For simplicity we as-
sume that intrinsic alignments are fully described by the linear
alignment model in the form of equation (11). Thus, in terms
of Section 2.5.2 the power spectra C(i, j)GG (`), C
(0,i)
DG (`) and C
(0,i)
TG (`)
enter the covariance matrix Cmod` , while C
sys
` exclusively com-
prises C(i, j)II (`), C
(i, j)
GI (`), C
(i, j)
IG (`) and C
(0,i)
DI (`).
We would like to recall that there are also other alignment
models (Crittenden et al. 2001; Mackey et al. 2002) and emphasize
that the results may depend on the chosen parametrization (Bridle
& King 2007; Kirk et al. 2012; Capranico et al. 2013; Schaefer &
Merkel 2015). In particular, the long-ranged GI-alignments, absent
in quadratic alignment models for Gaussian fluctuations, are ex-
pected to substantially contribute to the bias on intermediate scales
with a negative sign, while contributions of the short-ranged II-
alignments are expected to be small (cf. Figure 1). Besides their
dependence on the choice of alignment model it is important to
keep in mind that the results derived using equation (22) may serve
only as a qualitative indicator of how strong the results are biased.
The adapted formalism is not suited for a quantitative analysis once
the bias exceeds ∼ 1 − 2σ. Thus, biases of several σ must not be
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Figure 4. Predicted 1-σ confidence regions in the two-dimensional parameter subspaces spanned by the parameters describing the dark energy equation of
state evolution and the sum of neutrino masses. Forecasts are shown for Euclid and DES-like six bin tomographic weak lensing measurements in combination
with three different CMB experiments.
taken literally but rather reveal that the derived parameter constraint
is significantly biased if the systematic effect, i.e. intrinsic galaxy
shape correlations, are not accounted for.
In Figure 5 we compile the 1-σ confidence limits on the dark
energy parameters obtained from Euclid-like lensing data in combi-
nation with the three different CMB experiments considered in this
work. We distinguish the following scenarios: cosmic shear data
alone (i), cosmic shear and CMB data in combination with (ii) and
without (iii) their cross-correlation. For all three scenarios we show
the results obtained when intrinsically aligned galaxies are present
in the data and either accounted for (filled ellipses) or erroneously
neglected (open ellipses). Quantifying the bias by the distance be-
tween the fiducial parameter value and the centre of the contour
which ignores intrinsic alignments we find that the bias is largest
in case that no CMB data are included. Conversely, it is smallest
in case that CMB and cosmic shear data are treated as indepen-
dent cosmological probes. The ellipses are differently shifted in the
w0-wa-plane for the various CMB experiments. However, the bias
increases with improving CMB data when the correlation of both
data sets is included: almost overlapping for a Planck-like CMB
survey the (biased) 1-σ confidence regions move more and more
apart for the anticipated CMB observations by ACTPol wide and
Prism, respectively. In case of Prism the biased 1-σ confidence re-
gion, which has been obtained ignoring cross-correlation informa-
tion, and the fiducial ellipse derived from cosmic shear data alone
finally intersect. This is in agreement with our previous finding that
the better the available CMB data the larger the influence of cross-
correlation information on the derived parameter constraints. Sim-
ilar results are found for the matter density and the sum of massive
neutrinos as shown in Figure 6.
4 CONCLUSION
The subject of this paper is an investigation of the parameter-
constraining power of the primordial CMB temperature and polar-
ization anisotropies, the gravitational lensing effect on the CMB
and weak lensing of galaxy shapes with particular emphasis on
three aspects: (i) We take the full covariance into account and con-
struct all cross-spectra, most notably correlations between the two
lensing effects, the cross-correlation between both lensing effects
and the intrinsic shapes of galaxies, and cross-correlations between
large-scale structure tracers and the CMB generated by the iSW ef-
fect. (ii) We investigate how the parameter inference process reacts
to the inclusion of systematics, firstly of corrections to the matter
spectrum due to baryonic processes and secondly, due to intrinsic
shape correlations of galaxies as determined by a linear tidal shear-
ing model. (iii) We carry out the forecasting exercise for a range of
current and future experiments, both on the side of the CMB and
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Figure 5. Parameter estimation biases in the dark energy parameters w0
and wa for a Euclid-like cosmic shear survey in combination with different
CMB experiments.
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Figure 6. Parameter estimation biases in the matter density Ωm and the sum
of massive neutrinos mν derived when combining Euclid-like weak lensing
observations with different CMB experiments.
on the side of cosmic shear, in order to follow how the total sig-
nal improves and how constraints tighten, but also to understand
how the systematic errors increase and to what limits they need to
be controlled. As a baseline cosmological model family, we use a
wCDM-type cosmology with the baryon density Ωb and the sum of
neutrino masses mν as additional fundamental parameters, and de-
scribe the intrinsic alignment model with a single parameter which
is unconstrained by any prior information.
(i) The precision results for the baseline wCDM-cosmology
shows clearly a hierarchy in the cosmological parameters,
where Ωm, Ωb and σ8 are the best constrained parameters with
forecasted precisions on the 10−3-level, and where h and ns ben-
efit from improving the CMB data. The dark energy equation of
state parameters as well as the neutrino masses get boosts in their
precision by the inclusion of large-scale structure data in addition
to CMB data, reaching per cent levels on w0 and between ten and
twenty per cent on wa, based on CMB and weak lensing data alone.
Moving from DES to Euclid in this combination of probes reduces
errors by roughly a factor of two on dark energy properties and
neutrino masses.
(ii) The amplitude of intrinsic alignments (from a linear align-
ment model) is constrained by its signal in the lensing survey as
well as by the cross-correlation with the CMB lensing signal with
an error of a few per cent on a parameter that is known from current
observations to be of order unity. This implies, that investigations
of alignment models by this combination is in fact possible with-
out infringing too seriously on the statistical precision on the fun-
damental cosmological parameters. A measurement of IA would
allow to investigate the dynamical state of dark matter haloes from
the way they react to tidal gravitational fields by changing their ap-
parent shape.
(iii) If ignored, intrinsic alignments would impact on the param-
eter estimation process: The dark energy equation of state parame-
ters w0 and wa would both be significantly biased towards negative
values based on weak lensing data alone. High quality CMB data
would remedy this by removing much of the bias in w0. This would
imply that a ΛCDM-cosmology could be mistaken for a cosmol-
ogy with a strongly varying equation of state. Perhaps even more
dramatic are estimation biases in the neutrino masses, which are
measured to be too small due to the influence of intrinsic align-
ments.
(iv) Baryonic corrections to the matter power spectrum (Sem-
boloni et al. 2011, 2013) influence the magnitude of statistical er-
rors equally for both types of analysis, i.e. with and without inclu-
sion of CMB lensing-cosmic shear cross-correlation information.
(v) Concerning the forecasted statistical precision we are less
optimistic than Kitching et al. (2015) who differ from our analysis
by using 3D weak lensing instead of lensing tomography. While
3D cosmic shear is able to capture more of the cosmological in-
formation because of the absence of radial binning we do not re-
produce the considerable improvement of statistical errors when
including the interdatum covariance: Whether even six-bin tomog-
raphy is lagging much behind 3D weak lensing given the additional
data from the primordial CMB and from CMB lensing, or whether a
difference in data modelling (in contrast to Kitching et al. 2015, we
do not account for multiplicative biases due to cosmic shear mea-
surement systematics) is responsible, is difficult to say. At least,
in a preceding study (Zieser & Merkel 2016), where we combined
3D weak lensing as a large-scale structure tracer for isolating the
iSW effect, we could only find comparatively small improvements
on the statistical precision. Furthermore, if systematic effects like
intrinsically aligned galaxies are not correctly accounted for in the
analysis the results derived using the interdatum covariance are
more biased than those obtained by a conventional analysis ignor-
ing the cross-correlation of CMB lensing and galaxy lensing.
(vi) A complete description of the interdatum covariance is es-
sential for statistical inference, and we believe to have included
all leading terms at the level of two-point correlations of both the
CMB and the weak lensing data: These include the GI-correlations
between intrinsic alignments and weak lensing, the correlation be-
tween galaxy shapes and the CMB deflection field, and the iSW
effect generated by the large-scale structure.
In summary, we would like to emphasize that in particular for
dark energy per cent-level accuracy on w0 and wa is within reach
based exclusively on CMB and cosmic shear data.
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